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Arita et al. report that theonellamides
(TNMs), marine-derived peptides, exhibit
a previously unrecognizedmode of action
of membrane-targeting natural products.
Using TNMs as tools, the membrane
order, which is maintained by cholesterol,
was revealed to be important for proper
cell morphogenesis.
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Roles of lipids in the cell membrane are poorly under-
stood. This is partially due to the lack of methodolo-
gies, for example, tool chemicals that bind to specific
membrane lipids and modulate membrane function.
Theonellamides (TNMs), marine sponge-derived pep-
tides, recognize 3b-hydroxysterols in lipid mem-
branes and induce major morphological changes in
cultured mammalian cells through as yet unknown
mechanisms. Here, we show that TNMs recog-
nize cholesterol-containing liquid-disordered do-
mains and induce phase separation in model lipid
membranes. Modulation of membrane order was
also observed in living cells following treatment with
TNM-A, inwhichcells shrankconsiderably inacholes-
terol-, cytoskeleton-, and energy-dependent manner.
These findings present a previously unrecognized
mode of action of membrane-targeting natural prod-
ucts. Meanwhile, we demonstrated the importance
of membrane order, which is maintained by choles-
terol, for proper cell morphogenesis.
INTRODUCTION
Membrane lipids are not just solvents for membrane proteins but
also regulate structural stability and proper functions of proteins
(Coskun and Simons, 2011; Laganowsky et al., 2014; Lee, 2011;
Singer and Nicolson, 1972). Furthermore, lipids cluster to form
largemembrane domains in artificial membranes and dead cells,
which implies the potential existence of membrane domains in
live cells (Lingwood and Simons, 2010; Simons and Ikonen,
1997). However, it is currently expected that the domain size is604 Chemistry & Biology 22, 604–610, May 21, 2015 ª2015 Elseviervery small and short lived in cells under steady-state conditions
(Kenworthy, 2008); for example, glycosylphosphatidylinositol
(GPI)-anchored proteins form cholesterol-sensitive nanoclusters
(less than 5 nm), which was deduced by fluorescence resonance
energy transfer experiments combinedwith theoretical modeling
(Sharma et al., 2004). Because of the limitation of biochemical
analysis, the functions of such tiny domains largely remain to
be investigated. One of the ways to unveil the role of membrane
domains is chemical genetics; non-toxic, phenotypically drastic,
lipid-targeting molecules would enable us to dissect the molec-
ular events in the live cell membrane.
The cell membrane is one of the major targets of antibiotics
and bacterial toxins. Several medically important molecules
also target cell membranes, for example, amphotericin B
(AmB) and daptomycin (Baltz, 2009; Murata et al., 2009; Volmer
et al., 2010). On the other hand, somemolecules have been used
to detect the cellular localization of membrane lipids. Filipin, a
polyene antibiotic, is a traditional sterol marker (Drabikow
et al., 1973; Miller, 1984), while sterol-interacting proteins such
as perfringolysin O (PFO, also known as q-toxin), a bacterial
cytolysin, have been successfully used to detect sterol mole-
cules in fixed cells (Ohno-Iwashita et al., 2010). However, exog-
enous molecules targeting the cell membrane usually exhibit
acute toxicity, hampering live cell analysis employing such mol-
ecules. Even filipin, the most commonly used sterol marker, has
a critical limitation because of its cellular damage (Gimpl, 2010).
Theonellamides (TNMs, Figure 1) are marine sponge-derived
bicyclic peptides that exhibit antifungal activity and moderate
cytotoxicity (Bewley and Faulkner, 1994; Matsunaga and Fuse-
tani, 1995; Matsunaga et al., 1989; Schmidt et al., 1998; Youssef
et al., 2014). We previously reported that TNMs target 3b-hydrox-
ysterols in liposomes and cellmembranes (Espiritu et al., 2013;Ho
et al., 2009; Nishimura et al., 2010, 2013, 2014). These peptides
strictly recognize sterols with a 3b-hydroxy group, while recogni-
tion of these sterols appears to occur in shallow areas of mem-
branes (Espiritu et al., 2013; Nishimura et al., 2010). It is notedLtd All rights reserved
Figure 1. Chemical Structures of TNM-A
and TNM-AMCAthat this class of peptides does not show acute toxicity by mem-
brane lysis either in yeast or mammalian cultured cells; instead,
drastic morphological changes without killing cells are induced
through as yet unknown molecular mechanisms (Nishimura
et al., 2010; Wada et al., 2002). Since sterols are key membrane
lipids that regulate the membrane order (Simons and Vaz, 2004),
wespeculated that interactionsbetweenTNMsandspecificmem-
brane domains could trigger these morphological effects. Here,
we report that TNMs favor cholesterol in liquid-disordered (Ld) do-
mains,modulate themembrane order, and inducecell contraction
in a cholesterol-, cytoskeleton-, and energy-dependent manner.
RESULTS AND DISCUSSION
Binding of the Fluorescent TNM Probe to Cholesterol in
the Ld Phase
To investigate the affinity of TNMs toward membrane domains,
we observed the binding of fluorescently labeled TNM (fTNM)
to giant unilamellar vesicles (GUVs) with diameters of 15 mm,
under fluorescence microscopy. First, we confirmed the binding
of TNM-AMCA, one of the fTNMs possessing aminomethyl-
coumarin acetate (AMCA) (Nishimura et al., 2013), to GUVs
composed of cholesterol and 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC).We successfully detected the fluores-
cence of TNM-AMCA at the periphery of GUVs. Quantitative
analysis revealed that TNM-AMCA bound to GUVs in a choles-
terol concentration-dependent manner (Figure 2A), consistent
with previous results obtained for small unilamellar vesicles (Nish-
imura et al., 2013). Next, we tested the binding of TNM-AMCA to
GUVs composed of cholesterol and sphingomyelin (SM, d18:1–
16:0), 50 mol% each. Surprisingly, the binding of the latter wasChemistry & Biology 22, 604–610, May 21, 2015significantly lower; only one-fifth that ob-
served for GUVs containing 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC)
and cholesterol was observed, even
although 50 mol% of cholesterol was
present in both (Figure 2B). PFO is a
cholesterol-binding toxin produced by
Clostridium perfringens (Ohno-Iwashita
et al., 2010). A protease-nicked and bio-
tinylated derivative of PFO recognizes
specific membrane domains with high
concentrations of cholesterol (Waheed
et al., 2001). In our experiments, EGFP-
labeled C-terminal domain 4 of PFO
(EGFP-D4) (Shimada et al., 2002) specif-
ically bound to GUVs consisting of
cholesterol and SM (Figure 2B). Although
the basis for this specificity is unknown,
these results suggest that TNM-AMCA
and EGFP-D4 can be used as sterol
probes in a complementary manner.
Ternary mixtures of high melting tem-
perature lipids, low melting temperaturelipids, and cholesterol are known to produce liquid domains
(Veatch and Keller, 2003). For example, when POPC, SM, and
cholesterol are mixed in a specific ratio, phase separation can
occur, thereby generating two liquid phases with low (liquid or-
dered [Lo]) and high (Ld) fluidity. Using this system, we tested
the affinity of TNM-AMCA to the Ld and Lo phases. When
GUVs were prepared using DOPC, SM, cholesterol, and rhoda-
mine-conjugated 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine (Rh-DOPE) (molar ratio, 33:33:33:1), the fluorescent signal
of Rh-DOPEwasdetected in the Ldphase (Figure 2C) (Samsonov
et al., 2001). Lysenin, a protein toxin isolated from the coelomic
fluid of the earthworm Eisenia foetida, recognizes SM. EGFP-
fused lysenin was observed to label the Lo phase by specifically
recognizing SM (Figure 2C) (Yamaji et al., 1998). In this GUV sys-
tem, the fluorescent signal of TNM-AMCAcolocalizedwith that of
Rh-DOPE, whereas other areaswere occupied by EGFP-lysenin,
indicating that TNM-AMCA recognized cholesterol in the Ld
phase (Figure 2C). In the absence of EGFP-lysenin, the fluores-
cence of TNM-AMCA again merged well with that of Rh-DOPE,
which ruled out the possibility of competition between EGFP-ly-
senin and TNM-AMCA (Figure S1). Alternatively, there was the
possibility that TNMs disfavored SM molecules themselves
rather than the Lo phase. We therefore examined the binding of
TNM-AMCA to GUVs composed of cholesterol and 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine (DPPC) or 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC); both lipid mixture systems
generate Lo phases. Binding of TNM-AMCA to these GUVs
was significantly lower than that to DOPC vesicles but was com-
parable with that for SM vesicles (Figure 2D), indicating that the
efficiency of TNM-AMCA binding depends on the phase of the
lipid membranes, instead of the chemical properties of SM.ª2015 Elsevier Ltd All rights reserved 605
Figure 2. Binding of TNM-AMCA to Choles-
terol in the Ld Phase
(A) Cholesterol-dependent binding of TNM-AMCA
to POPC-based GUVs.
(B) Binding of TNM-AMCA or EGFP-D4 to DOPC-
based GUVs (filled) and SM-based GUVs (empty).
GUV compositions were DOPC/Chol/Rh-DOPE
(49:50:1) and SM/Chol/Rh-DOPE (49:50:1).
(C) Localization of TNM-AMCA in Ld domains.
Confocal sections in the equatorial plane of a
GUV (DOPC/SM/Chol/Rh-DOPE = 33:33:33:1) are
shown. GUVs were incubated with 1 mM TNM-
AMCA (blue) and EGFP-lysenin (green). Scale bar
represents 10 mm.
(D) Effect of acyl chains on TNM-AMCA affinity.
GUV composition was PC/Chol/Rh-DOPE
(49:50:1). (A, B, and D) The fluorescence intensity
of TNM-AMCA was normalized by that of Rh-
DOPE. Data represent mean ± SD, n = 3 different
GUVs.The affinity of cholesterol toward phospholipids possessing
saturated hydrocarbon chains, such as SM, DPPC, and DSPC,
is higher than that toward phospholipids possessing unsaturated
acyl chains, such as POPC and DOPC (Simons and Vaz, 2004).
Preferential affinity of TNM-AMCA toward GUVs consisting of
cholesterol and DOPC or POPC implies that TNMs have easier
access to cholesterol in loosely packed membranes, probably
as a result of the weak hydrophobicity of TNMs not being
sufficient for effective penetration into lipid membranes. In fact,
surface plasmon resonance analysis revealed that TNM-A rec-
ognizes cholesterol in shallow membrane areas (Espiritu et al.,
2013).
Phase Separation of Liposomes Induced by TNM-A
The phase separation between Ld and Lo regions depends on
themolar ratio of the three lipid species, e.g., too high concentra-
tion of cholesterol results in only one liquid phase (Kahya et al.,
2003). It is therefore possible that binding of TNMs to cholesterol
changes the phase status of lipid membranes. To investigate
this hypothesis, we prepared GUVs composed of DOPC, SM,
cholesterol, and Rh-DOPE (molar ratio, 24:25:50:1). In the
absence of TNM-A, only 4.5%of vesicles showed phase separa-
tion (Figures 3A and B). Following addition of TNM-A, however,
the population of phase-separated GUVs drastically increased;
more than 30% of vesicles showed phase separation within
20 min (Figures 3A and 3B). By binding to cholesterol in GUVs,
TNM-A may sequester cholesterol, thus facilitating phase sepa-
ration. This is not a phenomenon common to cholesterol binders;
filipin, an antibiotic used as themost common sterol marker, only
quickly disrupted GUVs, which was consistent with the previous606 Chemistry & Biology 22, 604–610, May 21, 2015 ª2015 Elsevier Ltd All rights reservedreport that filipin has a detergent activity
(data not shown) (Houdai et al., 2004).
Effect of TNM-A on the Membrane
Order of the Cell
We next analyzed the membrane order
of the plasma membrane using 2-hy-
droxy-3-(N,N-di-methyl-N-hydroxyethyl)
ammoniopropyl]-4-[b-[2-(di-n-butyla-mino)-6-napthyl]vinyl]pyridinium dibromide (di-4-ANEPPDHQ).
This fluorescent dye is environment sensitive; it displays a large
Stokes shift correlated to the polarity of the surrounding solvent
(Jin et al., 2005, 2006). Lo membrane is expected to reduce sol-
vent relaxation as a result of lipid packing, thus decreasing the
penetration of water molecules into the lipid membrane. Quanti-
fication with generalized polarization (GP) values based on the
ratio of red (Lo)/blue (Ld) emission intensities can be an indicator
of membrane order (Owen et al., 2012). Pseudocolored GP im-
ages showed that the cell periphery appeared occupied by
higher order membranes (Figure 4, red regions in the GP image).
After treating cells with TNM-A for 30 min, regions with a higher
order increased. This might be a result of phase separation as
observed in GUVs (Figure 3); the Lo domains probably arose
as a result of cholesterol sequestration by TNM-A.
Interestingly, as the membrane order changed, the cells also
contracted. TNMs have been reported to induce the formation
of large acidic vacuoles in cultured mammalian cells, e.g., in
the presence of TNM-A or TNM-F (2–18 mM) for 1–5 days
(Wada et al., 2002, 1999). In contrast, we found that cells con-
tracted when exposed for a shorter incubation time (30 min)
and at a lower concentration (0.5 mM, Figure 4). Cells contracted
in a TNM-A concentration-dependent manner (Figure S2A), and
importantly, cell contraction was observed at non-toxic concen-
trations of the peptide (Figure S2B).
Cholesterol-, Cytoskeleton-, and Energy-Dependent
Cell Contraction by TNM-A
Cells are shaped by the cytoskeleton and cell membrane. When
cells contracted following addition of TNM-A, abnormal actin
Figure 3. Phase Separation of Lipid Membranes by TNM-A
GUVs (DOPC/SM/Chol/Rh-DOPE, 24:25:50:1) were incubated with 1 mM
TNM-A for 20 min.
(A) Confocal sections in the equatorial plane of GUVs are shown. Scale bar
represents 10 mm.
(B) Number of GUVs in which phase separation was observed. Data represent
mean ± SD, n = 6 independent experiments (n > 100 for each experiment).and tubulin filament structures were observed (Figure 5A);
actin stress fibers visualized by BODIPY-FL-phallacidin were
destroyed and no microtubule network was visible. Instead,
intense signals for F-actin and tubulin were observed at the
cell periphery. Surprisingly, cell contraction was observed
only transiently and normal cell morphology was recovered
several hours later (Figure 5A). This drastic morphological
change was observed to be cholesterol dependent (Figures
S2C and D). We speculate that there are at least two
possible mechanisms to explain the recovery found in the
morphology: inactivation of TNMs and the abundance of
cholesterol. First, TNMs seem to be inactivated by incorpora-
tion into cells. TNM-AMCA binds to membrane cholesterol
and induced cell contraction, while TNM-AMCA was found to
be incorporated into cells after longer incubation (Figure S2E).
Second, cholesterol is the most abundant molecule in the cell
membrane. Only a portion of cholesterol might be captured
by TNM-A, and the dysregulation of the captured cholesterol
can be compensated by the remaining redundant cholesterol.
In fact, cholesterol in the Lo domains of GUVs was not
recognized by TNM-AMCA (Figures 2B–D). Furthermore, filipin
could stain cells even after TNM-A challenge (Figure S2C).Chemistry & Biology 22,Again, this phenomenon was unique to TNMs, because a
similar effect was not observed following treatment with the
polyene antibiotic, filipin. Most cells lysed within 20 min after
addition of filipin (Figure S2F). In addition, a similar morpholog-
ical phenotype was observed in other cell lines tested with
TNM-A (Figure S2G).
To obtain mechanistic insights, we tested several cytoskel-
eton modulators. First, we examined jasplakinolide and latrun-
culin A, which stabilize and depolymerize actin filaments,
respectively. When cells were pre-treated with jasplakinolide,
the effect of TNM-A was completely abolished (Figure 5B).
This suggested that destruction of the actin filaments is
required for cell contraction by TNM-A. In fact, actin destruc-
tion by latrunculin A itself induced cell contraction, although
the cell morphology was different from that resulting from
TNM-A treatment (Figure 5B). The fluorescent signal of
BODIPY-FL-phallacidin, which binds to filamentous actin, was
barely detectable in the presence of latrunculin A. In contrast,
an intense signal from BODIPY-FL-phallacidin was observed
at the protrusions in TNM-A-treated cells, suggesting that par-
tial or specific depolymerization of the actin filaments was
required for cell contraction by TNM-A. In addition, actin
depolymerization is known to reduce the GP values (Dinic
et al., 2013). It is noted that the effect of TNM-A was ob-
served at non-toxic concentrations, whereas latrunculin A is
toxic (Figure S2B). We next tested microtubule inhibitors: taxol
stabilizes microtubules, while colchicine depolymerizes micro-
tubules. In the presence of taxol, the effect of TNM-A was still
observed, whereas colchicine abolished the effect (Figure 5B).
Nocodazole, another microtubule disruption agent, also sup-
pressed the effect of TNM-A (Figure S2H). These results indi-
cate that microtubules are required for TNM-A-mediated cell
contraction.
Finally, we investigated the energy requirements involved in
the cellular effect of TNMs. We examined a low-temperature
condition because cellular events that consume ATP or guano-
sine triphosphate are suppressed at low temperatures (Kobaya-
shi and Arakawa, 1991). TNM-A was unable to induce cell
contraction at 15C (Figure S2I). Furthermore, when cells were
pre-treated with NaN3 and 2-deoxyglucose to deplete cellular
ATP, TNM-A lost its ability to induce cell contraction (Fig-
ure S2J). These results indicate that cell contraction by TNMsFigure 4. Effect of TNM-A on theMembrane
Order
Cells pre-incubated with di-4-ANEPPDHQ (2 mM)
were treated with TNM-A (0.5 mM), and pseudo-
colored GP value images of live cells were ob-
tained. The red regions indicate higher order (Lo)
membrane domains, while blue regions indicate
lower order (Ld) domains. Scale bar represents
50 mm.
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Figure 5. Cell Contraction after Being Chal-
lenged with TNM-A
(A) Transient contraction of A549 cells by TNM-A.
Cells were treated with 0.5 mM TNM-A in serum-
free medium for 0.5 or 12 hr.
(B) Cells pre-treated with cytoskeleton modulators
were exposed to TNM-A (1 mM) for 0.5 hr. Cells
were fixed, stained with BODIPY-FL-phallacidin
(green), anti-a-tubulin mAb (red), and Hoechst
(blue, only in B). Scale bars represent 15 mm.requires energy, such as that involved in the polymerization of
microtubules.
Model for the Relationship between Membrane Order
and Cytoskeleton
In this study, TNMs were observed to induce drastic morpholog-
ical changes in a variety of cultured mammalian cells. This phe-
nomenon occurred rapidly and in a cholesterol-, cytoskeleton-,
and energy-dependent manner. In addition, TNM-A appeared
to modulate the membrane order in living cells. It is likely that
this membrane deformation in turn affected the cellular cytoskel-
eton either directly or indirectly, which consequently facilitated
cell contraction (see model in Figure S2K). In artificial lipid mem-
branes, actin polymerization was shown to promote membrane
domain formation (Liu and Fletcher, 2006), whereas lipid mem-
branes were shown to induce bundling of actin filaments (Liu
et al., 2008). At a cellular level, the membrane skeleton, the
portion of the cytoskeleton that is closely associated with the
cytoplasmic surface of the plasma membrane, is known to
play many roles; for example, it may regulate the mobility of
membrane molecules (Morone et al., 2006). Deformation of the
membrane domains by TNM-A may directly modulate the struc-
ture of themembrane cytoskeleton. Alternatively, mediators may608 Chemistry & Biology 22, 604–610, May 21, 2015 ª2015 Elsevier Ltd All rights reservedexist between membranes and the cyto-
skeleton: TNM-A might activate/inacti-
vate some unidentified molecules by
modulating the membrane order, which
in turn could induce dysregulation of the
actin and microtubule network.
SIGNIFICANCE
We have demonstrated that TNMs,
marine sponge-derived peptides, bind
to cholesterol in the Ld phase and
induce phase separation in lipid mem-
branes, probably by sequestering
cholesterol in the Ld phase. This phase
separation is likely the cause of cell
contraction observed following TNM-
A challenge. The biological impact of
lipid assemblies, e.g., lipid rafts (Si-
mons and Ikonen, 1997), is still under
debate (Kenworthy, 2008; Munro,
2003). Dissecting the molecular mech-
anisms connecting membrane defor-
mation and cell shape changesinduced by TNMs may assist in unveiling the importance of
lipid assemblies in cell membranes in the near future.
EXPERIMENTAL PROCEDURES
Chemical Compounds
TNM-A was isolated from the marine sponge Theonella sp. as described pre-
viously (Matsunaga and Fusetani, 1995). The fluorescent derivative of TNM
was prepared as described previously (Nishimura et al., 2013). Methyl-
b-cyclodextrin was purchased fromWako Pure Chemical Industries, Latruncu-
lin A, jasplakinolide, taxol, colchicine, cholesterol, and filipin were from Sigma.
DOPC, POPC, DPPC, DSPC, SM (d18:1–16:0), andRh-DOPE (1,2-diolepyl-sn-
glycero-3-phosphoethaolamine-n-(lissamine rhodamine B sulfonyl) were pur-
chased from Avanti Polar Lipids. di-4-ANEPPDHQ was from Molecular
Probes. His-EGFP-tagged q-toxin domain 4 (EGFP-D4) was expressed in
Escherichia coli strain BL21 (DE3) and purified using HisTrap FF crude col-
umns (GE Healthcare) (Shimada et al., 2002). EGFP-lysenin was prepared as
described previously (Abe et al., 2012).
Cell Line and Cell Culture
A549 cells were grown at 37C in DMEM (Invitrogen) supplemented with 10%
fetal bovine serum.
Immunofluorescence Microscopy
Exponentially growing cells were plated on coverslips and incubated
overnight. After drug treatment, cells were washed in PBS and fixed with
4% formaldehyde for 10 min at room temperature. Coverslips were then
rinsed three times with PBS and cells were permeabilized with 0.2% Triton
X-100/PBS for 5 min at room temperature. Coverslips were then incubated
in a blocking solution (5% normal goat serum in PBS) for 15 min at room
temperature to reduce non-specific binding of the antibody. Incubation
with monoclonal anti-a-tubulin antibody (clone B-5-1-2, Sigma) was carried
out for 2 hr at room temperature and the coverslips were then washed three
times with PBS. Alexa-Fluor 594 anti-mouse immunoglobulin antibodies
were used as secondary antibody. F-actin was stained by BODIPY-FL phal-
lacidin (Invitrogen), which was included in the second antibody solution.
The coverslips were then washed three times with PBS. To stain nuclei,
Hoechst 33,342 (Invitrogen) was added in PBS when the specimens were
washed. For disrupting cytoskeleton, cells were pre-treated with jasplaki-
nolide (50 nM, 0.5 hr), latrunculin A (50 nM, 0.5 hr), taxol (1 mM, 2 hr), colchi-
cine (1 mM, 1 hr), or nocodazole (10 mM, 2 hr) at 37C before addition of
TNM-A. To collect images, we used a Delta Vision system (Applied Preci-
sion) with Olympus IX70 fluorescence microscope equipped with an UPlan
Apo 360 lens.
Quantitative Measurement of Fluorescence Associated with GUVs
GUVs were made from hybrid films of agarose and lipids as reported previ-
ously (Ikenouchi et al., 2012). Fluorescent images of GUV were captured using
a confocal microscope (LSM 700, Zeiss) and the images were analyzed with
Zeiss Efficient Navigation 2009 software. The intensity of the fluorescent signal
of TNM-AMCA, EGFP-D4, or Rh-DOPE on the membranes and in the environ-
ment was calculated and we first subtracted the values in the environment
from those on the membranes. Next, the values for TNM-AMCA and EGFP-
D4 were normalized by dividing them by the values for Rh-DOPE.
Phase Separation of GUVs
GUVs (DOPC/SM/Chol/Rh-DOPE, 24:25:50:1) were prepared and placed un-
der a confocal microscope. After confirming that phase separation did not
occur in GUVs (i.e., continuous signal of Rh-DOPE), they were treated with
1 mM TNM-A or DMSO. After 20 min incubation, the number of GUVs with a
continuous Rh-DOPE signal and those with a discontinuous Rh-DOPE signal
were counted.
Membrane Order in Cells
A549 cells were labeled with 2 mM di-4-ANEPPDHQ in the dark and then
1 mM TNM-A was added. Time-lapse microscopic observation was carried
out on the FV 1000 confocal microscopy with a 360, 1.1-numerical-aperture
PlanApo objective lens (Olympus) equipped with an environmental chamber
maintaining the environment (humidity, temperature at 37C, and 5% CO2).
The excitation wavelength was 488 nm for di-4-ANEPPDHQ. Two intensity
images between 510 and 540 nm for Lo and 685 and 715 nm for Ld were
captured simultaneously using FV10-ASW software (Olympus). The GP
value was calculated with the algorithm previously reported by Owen
et al. (2012).
Statistical Analysis
Results are shown as mean values ± SD as indicated in the figure legends.
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